The role of the ABC transporter, Mrp4, in regulating Leydig cell testosterone synthesis is unknown. Results: In a murine genetic model the absence of Mrp4 impairs testosterone production by disrupting cAMP signaling. Conclusion: Mrp4 absence disrupts Leydig cell cAMP homeostasis by impairing luteinizing hormone-activated testosterone production. Significance: These findings reveal a mechanism for unexplained side effects of altered androgen production by therapeutics disrupting Mrp4 function.
The main function of the testes is gametogenesis and testosterone synthesis (1) in Leydig cells. Testosterone is primarily responsible for secondary sex characteristics and spermatogenesis (2) , and its production is regulated by pituitary luteinizing hormone (LH) 2 (3) . The main intracellular messenger of LH, cAMP, activates cholesterol and steroidogenic pathways (4) . However, regulation of systemic testosterone levels is complex and likely to involve unknown, LH-independent factors.
The multidrug resistance-associated protein Mrp4 (Abcc4) is the fourth member of the ABCC subfamily of ABC transporters (5) . Mrp4 was functionally defined as a nucleotide monophosphate efflux transporter (6) and later found to export cyclic nucleotides in an energy-dependent fashion (7, 8) because of latter role of Mrp4 and the effect of Mrp4 substrates (e.g. thiopurines (7) and methotrexate (9) ) and inhibitors (nonsteroidal anti-inflammatory drugs (10)) on androgen response (11) and fertility (12, 13) , we hypothesized that Mrp4 regulates testosterone production.
Here we show that Mrp4 is expressed primarily in the testicular Leydig cells in humans and mice. Using Mrp4 knock-out mice, we demonstrate that Mrp4 deficiency leads to early impairment of gametogenesis strongly linked to reduced intratesticular testosterone and specific up-regulation of a testosterone-metabolizing cytochrome P450 (Cyp) enzyme. Our findings demonstrate that Mrp4 plays a crucial role in testosterone production and suggest a feedback process whereby factors that impair testosterone biosynthesis induce changes in hepatic enzyme biosynthesis that enhance testosterone degradation.
EXPERIMENTAL PROCEDURES
Animals-Mrp4 mice used in this study were generated in our laboratory as previously described on a mixed C57BL6/129-SVJ and maintained on this background by intercrossing littermates (14) . Mrp4 Ϫ/Ϫ mice were compared with age-matched littermates (WT mice were littermate controls) housed and fed under identical conditions. This study was approved by the St. Jude Animal Care and Use Committee. Leydig Cell Purification-Primary Leydig cells were isolated as previously described (15, 16) . Testes from Mrp4 ϩ/ϩ and Mrp4 Ϫ/Ϫ mice were decapsulated, and cells were detached from tissues by collagenase treatment. After filtration through gauze, macrophages were removed by incubation at 37°C for 30 min. Nonadherent cells were then centrifuged through a Percoll density gradient at 3000 ϫ g for 20 min to harvest Leydig cells (38 -52% density component). Leydig cell viability (typically Ͼ90%) was determined by trypan blue dye exclusion. The purity of the fraction was assessed by immunoblotting for HSD3b1, a Leydig cell-specific marker (17) .
Testosterone, LH, and Androstenedione Assays-Testes and liver were harvested from 3-week-old and adult mice, homogenized in 1ϫ PBS with a glass Dounce homogenizer, and centrifuged at 5900 ϫ g for 5 min. The supernatant was combined with an equal volume of diethyl ether, and the organic phase was dried under a stream of N 2 gas at room temperature and reconstituted in 1ϫ PBS. The recovery of testosterone by this procedure was estimated by spiking samples with radiolabeled testotsterone. The recovery of radiolabel was ϳ50%. Testosterone (ng/mg) was measured by 125 I-labeled radioimmunoassay (RIA) (MP Biomedicals) according to the manufacturer's instructions. Serum testosterone (ng/ml) was directly measured by the same RIA.
Serum LH and androstenedione concentrations (ng/ml) were assayed by the Center for Research in Reproduction Ligand Assay and Analysis Core at the University of Virginia School of Medicine (Charlottesville, VA). LH was measured by immunoradiometric sandwich assay and androstenedione by RIA.
Ki67 Staining-At the St. Jude Veterinary Pathology Core, formalin-fixed, paraffin-embedded slides of testes harvested at each time point from three 3-week-old and three adult Mrp4 ϩ/ϩ and Mrp4 Ϫ/Ϫ mice were prepared by standard methods and stained with antibody to Ki67 (cell proliferation marker) and hematoxylin using the LabVision720 autostainer (ThermoShandon). Total Leydig cells were enumerated in five random fields per slide at ϫ40 magnification. Cell proliferation was reported as the mean number of Ki67-positive cells per field.
Microarray Expression Analyses-RNA was purified from Leydig cells and testes of 3-week-old and adult Mrp4 ϩ/ϩ and Mrp4 Ϫ/Ϫ mice with TRIzol reagent (Invitrogen). Whole testis analysis used three mice per genotype and Leydig cell analyses used nine 3-week-old and five adult mice per genotype. RNA from each age and genotype group was combined before analysis. After RNA quality was confirmed (Agilent Bioanalyzer 2100), RNA was processed using the Affymetrix one-cycle target labeling protocol and hybridized overnight to the Affymetrix Mouse 430 2.0 array. Array signals were summarized using the MAS 5 algorithm and log 2 -transformed prior to analysis. Microarray analysis of liver gene expression used three mice per genotype and age group; samples were quality assessed as described above, then processed using the Affymetrix 3ЈIVT express protocol. Labeled targets were hybridized on the HT_MG-430_PM plate array and processed using the GeneTitan system. Array signals were summarized using the RMA algorithm with Affymetrix Expression Console software.
Microarray analysis was performed by using the Spotfire DecisionSite version 9.1 (TIBCO). For genes interrogated by multiple probe sets, a single expression value was calculated using the maximum signal reported across redundant probe sets. Genes associated with steroid metabolism were identified by annotations curated from Entrez Gene, Gene Ontology, and GeneGO Metacore terms (18) . For analysis of cAMP target genes, the PKA, CREB, and cAMP pathways were curated for known direct and indirect target genes. Transcriptional targets of the androgen receptor were identified using curated terms from GeneGo and Metacore pathways. Cytochrome P450 genes were identified using the Affymetrix Gene annotations.
Liver Microsome Isolation-Approximately 50 -100-mg liver samples from 3-week-old and adult mice were homogenized in homogenization buffer (100 mM Tris base, 100 mM KCl, 1 mM EDTA, and 20 M butylated hydroxy-toluene BHT) using a Potter pestle attached to an electric drill motor, and centrifuged at 18,500 ϫ g for 15 min at 4°C. The supernatant was centrifuged at 106,000 ϫ g for 1 h at 4°C. The pelleted microsomal fraction was resuspended in microsomal storage buffer (100 mM potassium phosphate, 1 mM EDTA, 1 mM dithiothreitol, 20 M BHT, 20% glycerol). Microsome protein concentration was determined by the Bradford assay method (19) .
Immunoblotting and Immunohistochemistry-Testes from 3-week-old and adult animals were ultrasonically disrupted in M-Per (Thermo Scientific) plus protease inhibitor mixture (Roche Diagnostics). Protein concentration was determined by the Bradford assay method. Protein extracts were size fractionated by SDS-PAGE as described previously (14) . Leydig cells isolated from Mrp4 ϩ/ϩ and Mrp4 Ϫ/Ϫ testes and purified as described above were assayed for expression of StAR (Santa Cruz), Pbr (Everest Biotech), Cyp11a1 (Chemicon International), 3-␤-HSD1 (Abcam), and Dhcr7 (Santa Cruz). Liver microsomes were assessed for expression of Cyp2b10, Cyp3a11, and Cyp1a2 by using antibodies (a gift from Dr. Erin Schuetz). Relative protein quantities were determined by densitometry using ImageJ software. Immunohistochemical detection of Mrp4 was performed as previously described (14) using the Mrp4 monoclonal antibody M4-I 10 (a gift from Dr. George Scheffer).
cAMP Measurement-Freshly isolated Leydig cells were immediately lysed in 0.1 M HCl and assayed for cAMP content (pmol per plated cell number) by using the acetylated version of a cAMP enzyme immunoassay (Enzo Life Sciences) according to the manufacturer's instructions. To assess cAMP concentration under stimulated conditions, the Leydig cells were treated with 10 mIU of LH plus isobutylmethylxanthine (a phosphodiesterase inhibitor), and cAMP was assayed as described above.
Real-time PCR-Real-time PCR was performed in 20 ng of diluted cDNA with SYBR Green (Invitrogen) and 300 nM genespecific primers, using the ABI 7900HT sequence detection system (ABI). Supplemental Table S4 lists primer sequences, designed using Primer Express (ABI). After 10 min of denaturation, 40 cycles of two-step PCR were performed (15 s at 95°C and 60 s at 60°C) followed by a dissociation step of 15 s at 95°C, 15 s at 60°C, and 15 s at 95°C. The fold-difference in expression, normalized to housekeeping genes, was calculated by the ⌬⌬C t method.
Testosterone Metabolism-Mouse liver microsomes were suspended in 10 mM phosphate buffer (pH 7.4) containing 10 mM MgCl 2 , and 2.4 mM NADPH. Testosterone was added (200 M final concentration) followed by a 1-h incubation at 37°C. The reaction was terminated by the addition of and equal volume of cold methanol and precipitated proteins were separated by centrifugation at 13,000 ϫ g for 5 min at RT. One hundred microliters of sample were injected in the HPLC system for metabolite analysis. HPLC was performed using Waters 600-717-2487 systems (Waters) and chromatographic separation was achieved using a reverse phase Hibar RT 250-4 pre-packed column (Merck). The mobile phase was 50% methanol, 50% water (v/v) with a run time of 50 min. Data acquisition and analysis was performed using Empower 2 software. The standard curve was linear from 0.02 to 1 g/ml for 6␣-hydroxytestosterone and 16␣-hydroxytestosterone and from 0.05 to 1 g/ml for 16␤-hydroxytestosterone and 7␣-hydroxytestosterone. The CV for the assay was less than 10%. Concentrations of the all the metabolites were calculated from the standard curve and the observed concentrations in the microsomal incubates were within the concentration ranges for the standard curve.
The rate of formation of each metabolite is expressed as picomole/mg/min. The following standards used: 6␣-hydroxytestosterone, 6␤-hydroxytestosterone, 16␣-hydroxytestosterone, 16␤-hydroxytestosterone, 7␣-hydroxytestosterone, and testosterone obtained from Steraloids Inc.
Statistics-Data are expressed as mean Ϯ S.E. of at least three animals per age and genotype for each experiment. The statistical significance of the difference between mean values was determined by Student's t test.
RESULTS AND DISCUSSION
Mrp4 Expression in Leydig Cells-Immunoblot analysis of testicular homogenates revealed Mrp4 expression (Fig. 1A ). Similar analysis of purified Leydig cells detected abundant amounts of Mrp4 but not Mrp1 (highly expressed in the seminiferous tubules) (Fig. 1A ). Immunohistochemical analysis with an Mrp4-specific monoclonal antibody confirmed that Mrp4 is localized to the Leydig cells in mouse ( ϩ/ϩ (n ϭ 37) and Mrp4 Ϫ/Ϫ (n ϭ 37) mice. F, mean testicular Leydig cell counts (n ϭ 3 mice per age and genotype). G, mean testicular Leydig cell proliferation (Ki67ϩ cells per total Leydig cell number) (n ϭ 3 mice per age and genotype). All error bars ϭ S.E. expressed in Leydig cells but its absence does not generally affect Leydig cell number or proliferation.
Absence of Mrp4 Reduces Testicular Testosterone-The mean testicular testosterone concentration in prepubertal (3-weekold) KO mice was only 20% of that in WT mice ( Fig. 2A) , much lower than predicted by Leydig cell numbers, and the serum testosterone concentration was less than 10% of WT (Fig. 2B) . The serum testosterone concentration corresponded to the Mrp4 gene copy number (Mrp4 ϩ/ϩ versus Mrp4 ϩ/Ϫ versus Mrp4 Ϫ/Ϫ ), such that Mrp4-heterozygous mice had approximately half that of WT littermates (supplemental Fig. S1 ). Because Mrp4 does not transport androgens (20) , reduced Mrp4 protein was unlikely to directly cause this difference.
Serum androstenedione concentration was not significantly reduced in the KO mice (Fig. 2C) , suggesting its unimpaired peripheral formation, and the serum progesterone concentration was similar in WT and KO mice (WT 2.8 ng/ml Ϯ 0.5 versus KO 2.9 ng/ml Ϯ 0.5 S.E.). However, light microscopy revealed disrupted gametogenesis in 3-week-old KO testes, which contained predominantly rounded, immature spermatogonia (Fig. 2D) .
To assess how Mrp4 absence affects gamete maturation, we analyzed the proportion of seminiferous tubules containing elongated spermatids (gametes). At age 21 days, WT mice had a significantly higher proportion of seminiferous tubules containing gametes (50 versus 24%) (Fig. 2E) , consistent with the availability of testosterone (21) . Because germ cell maturation is controlled by proliferation and apoptosis (22) , we tested whether these were altered in KO animals. Immunohistochemical analysis using the proliferation marker Ki67 indicated significant (ϳ33%) reduction of germ cell proliferation in the seminiferous tubules in the absence of Mrp4 (Fig. 2F) , suggesting that germ cell mitosis is impaired in KO testes. To test this possibility, we conducted an expression analysis of testicular RNA from KO and WT mice. Expression of genes important in germ cell mitosis (ccnb1, cdc25c, and E2f) was slightly reduced, whereas that of pRM1 (important in gamete chromatin assembly) was markedly reduced (23) (Fig. 2F, right) . These findings are likely to explain the reduced Ki67 immunoreactivity of KO germ cells and are consistent with the role of testosterone in spermatogenesis (21) . Because of the marked reduction of proliferating germ cells, we tested whether the rate of apoptosis had changed. TUNEL staining showed a Ͼ30% increase in the number of apoptotic germ cells per tubule in KO animals (Fig.  2G) .
Light microscopy of the prostate gland (dependent on exogenous testosterone for maturation (24) revealed disorganized tubular structure and enlarged interstitial space in 3-week-old KO mice (Fig. 2H) . The decrease in germ cell proliferation and in expression of genes required for spermatocyte mitosis in KO mice suggests that low testosterone levels impair mitosis of germ cells, which are also reduced by enhanced apoptosis. Notably, expression of genes required for spermatocyte meiosis (e.g. Stra8) (25, 26) was not altered in Mrp4 Ϫ/Ϫ testes (supplemental Table S3 ). Genes that are up-regulated or down-regulated in association with testicular development (27, 28) were expressed similarly in KO and WT mice (supplemental Fig. S2 ), suggesting that nontestosterone-dependent testicular development is not generally impaired. Apoptosis of germ cells and morphologic changes in prostate tissue are expected consequences of the low systemic testosterone concentration (29) .
Molecular Basis of Impaired Testosterone Production in Mrp4
Ϫ/Ϫ Leydig Cells-The expression of Mrp4 in Leydig cells, the strong relationship between the quantity of Mrp4 and intratesticular and serum testosterone concentration (supplemental Figs. S1 and S3), and the regulation of cyclic nucleotides by Mrp4 (6) led us to hypothesize that expression of steroid and/or cholesterol biosynthetic genes is altered in KO Leydig cells (Fig. 3A) . Because testosterone biosynthesis is regulated by cAMP after LH receptor (LHR) activation (30), we examined the expression of steroid biosynthetic genes in adult and 3-week-old WT and KO mice by microarray analysis of RNA isolated from purified Leydig cells and hierarchical cluster analysis of "steroid" genes curated from EntrezGene, Gene Ontology, and Metacore (18) (supplemental Fig. S4 ). The genes (supplemental Table S1 ) were selected on the basis of p Յ 0.05 and a 1.5-fold or greater difference in expression in KO versus WT Leydig cells. The heat map (supplemental Fig. S4 ) showed striking similarities in the expression of affected steroid genes in 3-week-old and adult KO Leydig cells. We hypothesized that because testosterone biosynthesis in Leydig cells is regulated by CREB phosphorylation after LH-mediated cAMP formation (30) , Leydig cell expression of other genes whose promoters contain CREB-binding sites (StAR, Cyp17, Cyp11a, and 3-␤-HSD) (31, 32) might be altered. Real-time PCR analysis of Leydig cell RNA indicated substantial reduction in expression of StAR (Ͼ60%) and 3-␤-HSD in Mrp4 Ϫ/Ϫ Leydig cells but minimal change in Pbr, a cholesterol importer on the outer mitochondrial membrane (32, 33) (Fig. 3B) . Because StAR, a cholesterol chaperone and rate-limiting enzyme in cholesterol import, is crucial in early steroidogenesis (34), we evaluated StAR protein expression in Leydig cells. Of the mitochondrial proteins evaluated (VDAC, StAR, and Pbr), only StAR was reduced (Ͼ55%) (Fig. 3C) . This finding and reduction of 3-␤-HSD1 (Ͼ50%) are consistent with the reduced testicular testosterone concentration in Mrp4 Ϫ/Ϫ mice (35) . Notably, this effect appears to be specific to Leydig cells, as StAR expression was not reduced in the adrenal gland (supplemental Fig. S5 ).
Given the critical role of cAMP in regulating testosterone biosynthesis (4), we assessed the concentration of cAMP and testosterone in Leydig cells. Cells from adult KO mice showed strong reduction (Ͼ60%) of testosterone and basal cAMP (Fig.  3, D and E) . Moreover, in isolated Leydig cells stimulated with LH at physiological concentration (10 mIU/ml), cAMP concentration was elevated by a factor Ͼ5 in WT cells but increased only modestly (by a factor Ͻ2) in KO cells (Fig. 3E) . We reasoned that impaired cAMP formation might affect CREB activation by LH in KO Leydig cells. Freshly isolated Leydig cells from WT and KO mice were incubated with 10 mIU/ml of LH for various intervals. Phosphorylation of CREB was rapid (within 5 min) in WT cells but slow in KO cells (Fig. 3F) , consistent with the reduced capacity to increase intracellular cAMP. Notably, CREB protein and mRNA levels were similar in WT and KO Leydig cells. These findings suggest that the absence of Mrp4 impairs LH-mediated cAMP formation in Leydig cells, disrupting CREB-mediated transcription. We curated target genes activated by PKA, CREB, or cAMP to determine whether gene expression downstream of CREB was altered in Leydig cells in vivo. After elimination of redundant probe sets, 38 genes (supplemental Table S2 ) whose expression differed 1.5-fold in either direction were identified. Expression of these 38 genes was generally strongly reduced in 3-week-old and adult Mrp4 Ϫ/Ϫ cells, consistent with impaired cAMP formation (Fig. 3G) .
Because the LHR regulates Leydig cell testosterone synthesis and is itself regulated by cAMP levels (36, 37), we evaluated LHR mRNA by real-time PCR and immunoblot analysis. LHR mRNA and protein were strongly reduced in the absence of Mrp4 (Fig. 3H ), whereas LH concentration was similar in WT and KO mice (Fig. 3I) , suggesting that the absence of Mrp4 alters LHR expression in Leydig cells. The reduced Leydig cell number at 3 weeks (Fig. 1F ) was also consistent with the reduced LHR level, as the postnatal Leydig cell number initially depends on LHR signaling (38) . Because LHR signaling is essential for steroidogenesis and cholesterol homeostasis (39), we tested whether expression of two genes important in de novo cholesterol biosynthesis, Hmgcs1 and Dhcr7 (40) , were altered by loss of Mrp4. Real-time PCR of RNA from WT and KO Leydig cells showed Ͼ70% reduction of Dhcr7 expression in KO cells (Fig. 3J) . This apparent defect in LH-regulated cholesterol synthesis appears specific to Leydig cells, as KO mice did not have reduced serum cholesterol (Fig. 3K) .
Gametes Differentiate Normally in Adult Mrp4
Ϫ/Ϫ Mice-As expected from the microarray data, adult KO mice had a 6-fold reduction of testicular testosterone concentration (Fig. 4A) . However, paradoxically, their serum testosterone concentration was similar to that of WT animals (Fig. 4B) and did not reflect elevated serum androstenedione (Fig. 4C) . Although the KO animals were fertile, the average litter size (Fig. 4D ) was slightly smaller (five in KO mice versus six in WT mice), suggesting an inherent minor reproductive defect. Nonetheless, light microscopy revealed the same proportion of mature sperm cells in KO and WT seminiferous tubules (Fig. 4E) . Furthermore, germ cell proliferation was comparable in WT and KO testes (Fig. 4 , F and G) and apoptosis was minimal (Fig. 4H) , indicating adequate intratesticular testosterone. Notably, the testosterone concentration was more than 3-fold greater in adult than in 3-week-old KO testes and was similar to that in 3-week-old WT testes ( Figs. 2A and 4A) ; this finding is likely to explain the fertility of adult KO mice. Adult WT and KO prostate glands were morphologically identical (Fig. 4I) , indicating sufficient circulating testosterone for prostate epithelial cell maturation. Because some ABC transporters (e.g. Abcg2) interact with steroids structurally similar to testosterone (41), we hypothesized that increased expression of an ABC transporter(s) or a testis-specific testosterone transporter might account for the rise in serum testosterone in mature KO mice. Immunoblot analysis showed no up-regulation in protein expression of the efflux transporters Mrp1, Mrp5, Pgp, or Abcg2 in the testes (Fig. 4J) , whereas Mrp2 was undetectable. Real-time PCR showed no Leydig cell up-regulation of Slco6b1 and Slco6c1, recently suggested to be androgen efflux transporters (42) . These findings suggest that the rise in systemic testosterone in adult KO mice despite impaired synthesis does not reflect enhanced expression of testosterone efflux transporters.
Lower Serum Testosterone in Young Mrp4
Ϫ/Ϫ Mice Results from Increased Testosterone Metabolism-Serum testosterone concentration in adult KO mice was relatively high without up-regulation of testosterone or ABC efflux transporter synthesis. Because the liver is a major site of testosterone metabolism and many stereospecific testosterone hydroxylation reactions are mediated by hepatic Cyp enzymes (43), we reasoned that a Cyp might be up-regulated in 3-week-old but not adult KO liver.
We analyzed hepatic RNA expression by microarray in 3-week-old and adult KO and WT mice and hierarchically clustered the mammalian Cyps (109 probe sets) (supplemental Fig.  S6 ). Among the testosterone-metabolizing Cyps (Cyp1a2, Cyp3a11, Cyp3a13, Cyp7a1, Cyp7b1, and Cyp2b9), only Cyp2b10 showed greater expression in 3-week-old KO versus 3-week-old WT liver, and it returned to WT levels in adult KO mice (Fig. 5A) . Real-time PCR confirmed Cyp2b10 as the only testosterone-metabolizing Cyp strongly increased at 3 weeks (ϳ2.5-fold, p Ͻ 0.001) (Fig. 5B) . Notably, Cyp2b9 was not elevated in the 3-week-old KO liver arguing against a general activation of the Cyp2b locus. Cyp3a subfamily members also participate in testosterone metabolism (44) , but Cyp3a11 mRNA was not increased at 3 weeks; Cyp3a13 was slightly increased in liver from both 3-week-old and adult mice (Fig. 5B) . Similar to the mRNA analysis, immunoblot analysis indicated that Cyp2b10 was strongly up-regulated in 3-week-old KO liver microsomes; densitometry indicated a mean 4-fold greater expression in KO than WT 3-week-old liver (Fig. 5C ), whereas the mean adult levels were similar. Cyp3A11 expression rose as expected in adult mice (43, 45) but did not differ between the WT and KO mice at 3 weeks or in adulthood. Cyp1a2 levels were constant regardless of age or Mrp4 status (Fig. 5C ). We then evaluated Cyp2b catalytic activity in KO and WT liver microsomes by examining 7-pentoxyresorufin O-dealkylation, a major activity of Cyp2b10 (46) (Fig. 5D ) and found a greater than 160% increase in activity in 3-week-old KO mice. To determine whether the testosterone metabolism was altered in microsomes we evaluated formation of hydroxylated metabolites of testosterone (6␣-hydroxytestosterone, 16␣-hydroxytestosterone, 16␤-hydroxytestosterone, and 7␣-hydroxytestosterone) (Fig. 5E ). Testosterone hydroxylation (6␣-, 16␣-, and Ϫ/Ϫ mice (n ϭ 3 per age group and genotype). Real-time PCR data normalized to Gapdh expression are presented as the ratio of expression in Mrp4 ϩ/ϩ counterparts. C, representative immunoblot analysis of Cyp2b10 and Cyp3a11 proteins in liver microsomes (n ϭ 3 mice per age and genotype). Cyp1a2 was the loading control. Mean ratios of band intensity from two separate experiments are shown (n ϭ total 6 animals). D, Cyp2b enzyme activity in Mrp4 ϩ/ϩ and Mrp4 Ϫ/Ϫ liver microsomes determined by pentoxyresorufin O-dealkylase (PROD) assay. E, hydroxylated testosterone metabolites were measured from mouse liver microsomes (n ϭ 3 mice per age and genotype) using HPLC analysis. Cyp450s in parentheses represent the major Cyp responsible for the corresponding metabolite. F, top, total testosterone concentration in 3-week-old and adult Mrp4 ϩ/ϩ and Mrp4 Ϫ/Ϫ liver measured by RIA. Bottom, hepatic androgen receptor mRNA expression (by real-time PCR, normalized to GAPDH expression) in 3-week-old Mrp4 Ϫ/Ϫ relative to Mrp4 ϩ/ϩ mice. Right, heat maps represent expression of androgen receptor targets (left) and Car/Pxr targets (right) in 3-week-old WT and KO mice. G, model schematic representing the relationship between testicular testosterone concentration and Cyp2b10 expression and activity in Mrp4 ϩ/ϩ and Mrp4 Ϫ/Ϫ mice.
16␤-) increased by 62.5% in the 3-week-old KO mice, a value in close agreement with the increased activity measured by resorufin formation. Notably, the formation of 7␣-hydroxytestosterone was comparable for 3-week-old WT and KO mice (supplemental Fig. S7 ). These findings indicate that young KO mice have an increased capacity for Cyp2b-mediated testosterone hydroxylation. We determined whether elevated Cyp2b10 expression in KO liver reflects general activation of constitutive androstane receptor (CAR) target genes. First, we determined that expression of the androgen receptor was similar in WT and KO livers (Fig. 5F, left) . Consistent with the lower liver testosterone concentration (Fig. 5F, top) , the 3-week-old KO liver showed reduced expression of genes regulated by the androgen receptor (AR) (Fig. 5F, center) . In vivo studies have shown that testosterone administration strongly suppresses Cyp2b10 (46, 47) , possibly by suppressing CAR activity (47) . To test if general de-repression of CAR target genes was secondary to reduced hepatic testosterone in KO mice, we analyzed the 3-week-old liver microarray data for expression of manually curated constitutive androgen receptor target genes (Fig. 5E, right) ; most of these genes were similarly expressed in WT and KO animals, with the exception of the strong Cyp2b10 up-regulation in KO liver. Therefore, general CAR de-repression was unlikely to explain increased hepatic Cyp2b10 expression in the 3-weekold KO mice. In total, these results support a model whereby systemic testosterone is dramatically reduced in young prepubertal Mrp4 KO mice by a combination of reduced testicular testosterone production and increased hepatic testosterone metabolism (Fig. 5G) . However, the adult Mrp4 KO mice, despite a sustained reduction in testosterone production recover almost normal levels of testosterone due to reduced testosterone metabolism.
Our use of a murine genetic model revealed a new and essential role for Mrp4 in regulating Leydig cell testosterone synthesis downstream of LHR activation. Testosterone synthesis is disrupted in the absence of Mrp4 because of the attenuation of cAMP formation after LHR activation, which appears secondary to impaired CREB activation. Because Mrp4 exports cyclic nucleotides (7), this finding was unexpected. A plausible explanation is that the constitutive absence of Mrp4 produces specific Leydig cell adaptations (e.g. elevated phosphodiesterase levels) that down-regulate the LH pathway of cAMP formation (48) . Our findings suggest that deficiency or impaired function of Leydig cell Mrp4 reduces testosterone production. Indeed, animal studies show that the Mrp4 substrate methotrexate reduces testosterone concentration by inhibiting steroidogenesis (11) . Another Mrp4 substrate, ganciclovir (49) , reduces sperm count and damages the testes of rodents (50) . Furthermore, humans receiving aspirin (an Mrp4 inhibitor and substrate (10, 51)) show impaired LHR-activated steroidogenesis (52) . Likewise, aspirin decreased the number of spermatids in rats, producing a morphology consistent with impaired spermatocyte maturation (53) . These findings strongly support our findings and suggest that factors that disrupt Mrp4 function deregulate testosterone production. Because several human Mrp4 alleles are functionally defective (54 -56), this conclusion might be genetically evaluated in humans by assessing the relationship of serum testosterone to these variant alleles.
Our finding that disruption of Leydig cell testosterone biosynthesis affects hepatic metabolism provides a new understanding of testosterone homeostasis in vivo. Previous studies in rodents indicated that expression of hepatic drug-metabolizing enzymes can be modified by pituitary growth hormone secretion (57) . The role of growth hormone in regulation of human drug-metabolizing enzymes (e.g. CYP3A4) has been recapitulated in primary human hepatocyte cultures (58) . Our findings extend this view by showing that deficient gonadal production of testosterone activates hepatic Cyp expression in mice. Currently, it is unknown whether acute or sustained disruption of human testicular testosterone production alters the activity of drug-metabolizing enzymes. If so, these findings have important therapeutic implications.
